On April 20, 2013, an earthquake of M7.0 occurred in Lushan, Sichuan province, China. This paper investigates the coseismic ionospheric anomalies using GPS (Global Positioning System) data from 23 reference stations in Sichuan province that are a part of the Crustal Movement Observation Network of China (CMONOC). The recorded results show that a clear ionospheric anomaly occurred within 15 min after the earthquake near the epicenter, and the occurrence time of the anomalies recorded by various stations is related to the distance from the epicenter. The maximum anomaly is 0.25 TECu, with a 2 min duration and the distance of the recording station to the epicenter is 83 km. Acoustic waves generated by the crustal vertical movement during the earthquake propagate up to the height of the ionosphere lead to the ionospheric anomaly, and the propagation speed of the acoustic wave is calculated as 0.72 ± 0.04 km/s based on the propagation time and propagation distance, consistent with the average speed of sound waves within a 0-450 km atmospheric height.
Introduction
Seismic events are one of the most serious natural hazards humanity faces, so the study of the mechanisms of earthquakes and seismic anomalies before and after an event has great significance. Ionospheric anomalies caused by the earthquake have been widespread concerned, and many researchers have studied pre-earthquake ionospheric anomalies. The relationships between an earthquake and pre-earthquake ionospheric anomalies have been studied and researchers have obtained regular behaviors of preearthquake ionospheric anomalies (Le et al., 2011 (Le et al., , 2013 Liu et al., 2000 Liu et al., , 2001 Liu et al., , 2006 Liu et al., , 2009 Pulinets and Boyarchuk, 2004; Yao et al., 2012a,b; Zhao et al., 2008) . In addition, during an earthquake, the atmospheric waves generated by the vertical movement of the ground or sea surface propagate upward and reach the ionosphere inducing the ionospheric electron density anomaly phenomenon known as coseismic ionospheric disturbances (CIDs) (Calais and Minster, 1995; Heki and Ping, 2005; Rolland et al., 2011; Kamogawa and Kakinami, 2013) . Various scholars have studied this phenomenon (Calais et al., 1998; Afraimovich et al., 2001; Heki and Ping, 2005; Astafyeva and Heki, 2011; Tsugawa et al., 2011; Saito et al., 2011) . Previous technology limitations made it difficult to study the details within CIDs; later, with the emergence of GPS technology, researching CIDs using the ionospheric TEC (total electron content) obtained by GPS technology became a research focus. Astafyeva et al. (2009) studied the 1994 Kurile M8.1 earthquake coseismic ionospheric disturbances and found that there is a correlation between the time of appearance of a CID and its distance to the epicenter, and that CIDs have two different velocity components, the Rayleigh surface wave velocity (3-4 km/s) and sound velocity (0.6-1.0 km/s), respectively. Choosakul et al. (2009) showed that the 4-min periodic TEC variations occurred 1 h after the Sumatra-Andaman earthquake in 2004 and continued for longer than 4 h. Liu et al. (2010) found that the 1999 Taiwan Chi-Chi earthquake also caused significant CIDs. Heki (2011) detected clear precursory positive anomaly of ionospheric TEC around the focal region. It started $40 minutes before the earthquake and reached nearly ten percent of the background TEC. Astafyeva et al. (2013) showed that the amplitude of coseismic total electron content variations is larger after more powerful earthquakes, and stronger earthquakes were characterized by a longer negative phase in coseismic perturbations. Cahyadi and Heki (2013) studied the 2007 Bengkulu Mw8.5 earthquake and the 2005 Nias Mw8.6 earthquake coseismic ionospheric disturbances, and results indicated that 10-16 min after the earthquakes, significant ionospheric disturbances occurred north of the epicenters, and the velocity of the sound waves generated by the seismic events was $0.7 km/s.
In this paper, using GPS data from the Crustal Movement Observation Network of China (CMONOC) reference stations in Sichuan, we investigate the coseismic ionospheric disturbances after the April 20, 2013 Lushan M7.0 earthquake and derive the characteristics of the CIDs caused by this event.
Data and data processing method
The Lushan M7.0 earthquake occurred on April 20, 2013 at 00:02:46 UT, from a depth of 14 km, with the epicenter occurring at 30.28°N, 102.95°E, located in the southern section of the Longmen tectonic belt, and was a thrust earthquake.
We use raw GPS data supplied by CMONOC with data sampling rate of 30 s. CMONOC is a high-precision, high spatial and temporal resolution observation network, mainly providing GNSS observations combined with a variety of other techniques, and consists of 260 continuous observation stations and 2000 occasional observation stations primarily used to monitor crustal movement, gravity field, tropospheric water vapor content, and ionospheric ion concentration related to the Chinese mainland.
GPS satellites transmit dual-frequency signals of 1575.42 and 1227.60 MHz, corresponding to wavelengths of 19.03 and 24.42 cm, respectively. Since the ionosphere is a dispersive medium, GPS signals suffer an ionospheric delay dependent on the signal frequency; therefore, using dual-frequency phase observations can provide the total electron content STEC u along the GPS signal propagation path. During CIDs detection and analysis only the relative change of the STEC, STEC u ; is determined with high accuracy and has been considered a suitable method for the detection of CIDs. The formula of the STEC u calculation using GPS dual frequency phase observations can be written as (Calais and Minster, 1995) :
where f 1 and f 2 are the GPS carrier frequencies; u 1 and u 2 are dual-frequency carrier phase measurements of the two frequencies (in units of cycle); k 1 and k 2 are the GPS carrier wavelengths; N is the ambiguity of phase measurements; e u is the observation noise. Currently, the carrier phase measurement accuracy of a geodesy type GPS receiver is 0.2-0.3 mm, and if we ignore the impact of ambiguity, then the accuracy of STEC u is 0.0027-0.0040 TECu, well suited for detecting small ionospheric disturbances. GPS satellites have relatively smooth orbits, so if a station continuously tracks the same satellite, the obtained STEC should also be relatively smooth under quiet ionosphere conditions, but fluctuations in the TEC occur a short time after an earthquake (the CIDs caused by the earthquake). However, the change rate of the STEC is large and it is difficult to detect any slight anomalies directly through STEC. For this reason, Liu et al. (2004) proposed an ionospheric anomaly detection method through a single difference operation of the TEC, dTEC, but there are still large fluctuations that mask small anomalies using this method. We propose differencing the TEC again to obtain d 2 TEC, where the change of d 2 TEC is more stable and allows easier detection of miniscule fluctuations in the ionosphere. dTEC, and d 2 TEC are calculated by Eq. (2):
Using a single layer ionosphere assumption in data processing, namely that all electrons in the ionosphere are concentrated in an infinitely-thin layer at a certain height (450 km in this article). The intersection point of the receiver and satellite connection path and the thin layer is named the Ionospheric Pierce Point, IPP, and the projection point of the IPP on the ground is named the Sub Ionospheric Point, SIP.
The IPP coordinate when a CID occurs based on the CID's time of occurrence and the distance between the epicenter and the IPP is used to calculate the propagation velocity of atmospheric seismic waves generated by an earthquake. Fig. 1 shows the epicenter of the Lushan earthquake and the distribution map of the 23 CMONOC GPS continuous tracking stations in Sichuan province discussed in this paper, where the blue star denotes the location of the epicenter. As can be seen from the figure, the GPS continuous tracking stations are very close to the epicenter, where the nearest station, SCTQ, is only 55 km from the epicenter, and the furthest station, SCPZ, is only 467 km from the epicenter. The high distribution density of the tracking stations can effectively capture any weak ionospheric anomalies.
Analysis
Satellites and receivers formed a dense IPP distribution around the epicenter, but only a small number of IPPs in this region were useful when the CID reached the height of the ionosphere, so only a small number of satellites were able to monitor the CID. Fig. 2 shows the STEC time series diagram using dual-frequency phase observations from nine PRN15 satellite tracking stations near the epicenter during 00:00-01:00 UT, April 20. The figure shows that the STEC is smoother in the quiet period, but produces short-term fluctuations as the waves of seismic origin spread to the height of the ionosphere, and later return to normal. STEC obtained by stations SCYX, SCYY, SCXD, SCMN, SCML, and SCJL indicate ionospheric anomalies, which occurred within 10-13 min after the earthquake, and SCYX, SCXD and SCMN recorded the most significant anomalies. The distances from the abnormal occurrence locations to the epicenter were 43.7, 59.9, and 46.2 km, and the amplitudes of the anomalies were 0.09, 0.08, and 0.09 TECu, all with durations of 90 s. Fig. 3(a) and (b) show the time series curves calculated by dTEC and d 2 TEC during 00:00-01:00 UT on April 20, 2013, respectively. The figure indicates that single difference can eliminate the trend term of STEC, and dTEC varies within ±0.1 TECu, but there are still obvious fluctuations. Differencing dTEC again to obtain d 2 TEC, more stable curves are obtained, and fluctuations are very close to zero under quiet conditions, but obvious fluctuations appear when the CID occurs. The double differencing method we propose is very suitable for the detection of coseismic ionospheric disturbances. Fig. 4 shows the STEC and d 2 TEC time series of the SCJU tracking station and PRN21 observation station. Fig. 5(a) shows that very significant ionosphere disturbance occurred within 10 min after the earthquake, first appearing as positive anomalies with a maximum amplitude of 0.1 TECu, and then became negative anomalies that lasted approximately two min before the STEC returned to normal. It can be seen from Fig. 5(b Cahyadi and Heki (2013) for the 2007 Bengkulu earthquake. Fig. 5 shows the location map of the ionospheric anomaly, where the star denotes the epicenter, the triangle denote the tracking stations that detected the CIDs, the blue curves are the SIP trajectory of a PRN15 satellite, and SCJL, SCMN, SCYX, SCXD, SCML, and SCYY are the 6 tracking stations during 00:00-01:00 UT, the green curve denotes the PRN21 satellite and SCJU, and the asterisk indicates the SIP location when the coseismic ionospheric disturbances occurred. It can be seen that due to the relatively small magnitude of the earthquake, the ionospheric disturbances caused by the earthquake were limited to a small area near the epicenter, and the maximum distance of the CIDs from the epicenter was only 133.6 km, while there were no obvious ionospheric disturbances at further distances. Fig. 6 shows the relationships among d 2 TEC, CIDs occurrence time, and the distance to the epicenter. The figure shows that under quiet conditions the d 2 TEC is very close to zero, but shows a disturbance with amplitude of À0.15-0.25 TECu when the CIDs occur. The detection occurrence time of the CIDs varies with the distance to the epicenter, and the best connection line shown as the solid red line represents the average speed of the seismic wave during propagation from the epicenter to the IPPs and is almost the same as the 0.72 ± 0.06 km/s calculated in Table 1 . Fig . 7 shows the relationship between the propagation velocity of the acoustic wave and its height from the ground within 0-450 km. The propagation velocity of the acoustic wave is about 980 m/s at the ionosphere height, much larger than the propagation velocity of 320 m/s at ground level. The propagation velocity of sound has small variation under a 100 km height; the velocity decreases with increasing height within 0-20 and 50-85 km height ranges, and within 20-50 km the velocity increases with increasing height. The propagation velocity increases rapidly with increasing height from 100 to 400 km and essentially remains constant from 400 to 450 km. According to the figure, at different heights from the ground to the ionospheric height, the average acoustic wave propagation velocity is 710.03 m/s, and is very close to the Lushan earthquake wave average propagation velocity of 0.72 km/s calculated in this paper, indicating that CIDs are indeed caused by sound waves generated by earthquakes that propagate to the ionosphere height, and also indicates that the methods and results applied in this article are valid.
Conclusion
We investigate the April 20, 2013 Lushan M7.0 earthquake coseismic ionospheric anomalies. The STEC data obtained by CMONOC GPS observations is analyzed, and the results show that the ionospheric anomalies occurred near the epicenter within 10-13 min after the earthquake. Through the studies of the epicenter's location of CIDs, and the propagation velocity of the seismic waves generated by the earthquake, the following conclusions apply:
(1) The magnitude and duration of CIDs caused by this earthquake are relatively small, and the CIDs locations are very close to the epicenter due to the relatively small magnitude of the earthquake; (2) The results show that seismic waves propagate from the ground to the height of the ionosphere with an average velocity of 0.72 ± 0.06 km/s, a very close result to the average velocity of sound wave propagation (710 m/s) within a 0-450 km atmospheric height, indicating that CIDs are indeed caused by sound waves that are generated by earthquakes and propagate up to the ionosphere.
However, we present a preliminary study of the CIDs after the Lushan earthquake, and examine only the component caused by the spread of acoustic velocity waves. Further studies to determine whether higher speed transmission components exist during a seismic event should be carried out. (Calais et al., 1998) .
